Models of human decision-making as tools for estimating and optimising impacts of vehicle automation by Markkula, G et al.
This is a repository copy of Models of human decision-making as tools for estimating and 
optimising impacts of vehicle automation.
White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/127540/
Version: Accepted Version
Article:
Markkula, GM orcid.org/0000-0003-0244-1582, Romano, R 
orcid.org/0000-0002-2132-4077, Madigan, R orcid.org/0000-0002-9737-8012 et al. (3 
more authors) (Accepted: 2018) Models of human decision-making as tools for estimating 
and optimising impacts of vehicle automation. Transportation Research Record. ISSN 
0361-1981 (In Press) 
© 2018. This is an author produced version of a paper accepted for publication in the 
Transportation Research Record. Reprinted by permission of the publisher.
eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/
Reuse 
Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless 
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by 
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of 
the full text version. This is indicated by the licence information on the White Rose Research Online record 
for the item. 
Takedown 
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 
 02'(/62)+80$1'(&,6,21-0$.,1*$6722/6)25(67,0$7,1*$1'1 
237,0,6,1*,03$&762)9(+,&/($8720$7,21 2 
 3 
 4 
 5 
*XVWDY0DUNNXOD 6 
FRUUHVSRQGLQJDXWKRU 7 
,QVWLWXWHIRU7UDQVSRUW6WXGLHV8QLYHUVLW\RI/HHGV 8 
/6-7/HHGV8QLWHG.LQJGRP 9 
7HO(PDLOJPDUNNXOD#OHHGVDFXN 10 
 11 
5LFKDUG5RPDQR 12 
,QVWLWXWHIRU7UDQVSRUW6WXGLHV8QLYHUVLW\RI/HHGV 13 
/6-7/HHGV8QLWHG.LQJGRP 14 
7HO(PDLOUURPDQR#OHHGVDFXN 15 
 16 
5XWK0DGLJDQ 17 
,QVWLWXWHIRU7UDQVSRUW6WXGLHV8QLYHUVLW\RI/HHGV 18 
/6-7/HHGV8QLWHG.LQJGRP 19 
7HO(PDLOUPDGLJDQ#OHHGVDFXN 20 
 21 
&KDUOHV:)R[ 22 
,QVWLWXWHIRU7UDQVSRUW6WXGLHV8QLYHUVLW\RI/HHGV 23 
/6-7/HHGV8QLWHG.LQJGRP 24 
7HO(PDLOFZIR[#OHHGVDFXN 25 
 26 
2VFDU7*LOHV 27 
,QVWLWXWHIRU7UDQVSRUW6WXGLHV8QLYHUVLW\RI/HHGV 28 
/6-7/HHGV8QLWHG.LQJGRP 29 
(PDLORWJLOHV#OHHGVDFXN 30 
 31 
1DWDVKD0HUDW 32 
,QVWLWXWHIRU7UDQVSRUW6WXGLHV8QLYHUVLW\RI/HHGV 33 
/6-7/HHGV8QLWHG.LQJGRP 34 
7HO(PDLOQPHUDW#OHHGVDFXN 35 
 36 
 37 
 38 
 39 
 40 
:RUGFRXQWZRUGVWH[WILJXUHV[ZRUGVHDFK ZRUGV 41 
 42 
6XEPLVVLRQGDWH 43 
5HYLVLRQGDWH 44 
0DUNNXOD5RPDQR0DGLJDQ)R[*LOHV0HUDW   
 
 
$%675$&7 1 
:LWKWKHGHYHORSPHQWRILQFUHDVLQJO\DXWRPDWHGYHKLFOHV$9VFRPHVWKHLQFUHDVLQJO\GLIILFXOW2 
FKDOOHQJHRIFRPSUHKHQVLYHO\YDOLGDWLQJWKHVHIRUDFFHSWDEOHDQGLGHDOO\EHQHILFLDOLPSDFWVRQ3 
WKHWUDQVSRUWV\VWHP7KHUHLVDJURZLQJFRQVHQVXVWKDWYLUWXDOWHVWLQJZKHUHVLPXODWHG$9VDUH4 
GHSOR\HGLQVLPXODWHGWUDIILFZLOOEHNH\IRUFRVW-HIIHFWLYHWHVWLQJDQGRSWLPLVDWLRQ7KHOHDVW5 
PDWXUHPRGHOFRPSRQHQWVLQVXFKVLPXODWLRQVDUHWKRVHJHQHUDWLQJWKHEHKDYLRXURIKXPDQDJHQWV6 
LQRUDURXQGWKH$9V,QWKLVSDSHUKXPDQPRGHOVDQGYLUWXDOWHVWLQJDSSOLFDWLRQVDUHSUHVHQWHGIRU7 
WZRH[DPSOHVFHQDULRVLDKXPDQSHGHVWULDQGHFLGLQJZKHWKHUWRFURVVDVWUHHWLQIURQWRIDQ8 
DSSURDFKLQJDXWRPDWHGYHKLFOHZLWKRUZLWKRXWH[WHUQDOKXPDQ-PDFKLQHLQWHUIDFHHOHPHQWVDQG9 
LLDQ$9KDQGLQJRYHUFRQWUROWRDKXPDQGULYHULQDFULWLFDOUHDU-HQGVLWXDWLRQ7KHVHVFHQDULRV10 
KDYHUHFHLYHGPXFKUHFHQWUHVHDUFKDWWHQWLRQ\HWVLPXODWLRQ-UHDG\KXPDQEHKDYLRXUPRGHOVDUH11 
ODFNLQJ7KH\DUHGLVFXVVHGKHUHLQWKHFRQWH[WRIH[LVWLQJPRGHOVRISHUFHSWXDOGHFLVLRQ-PDNLQJ12 
VLWXDWLRQDODZDUHQHVVDQGWUDIILFLQWHUDFWLRQV,WLVDUJXHGWKDWWKHKXPDQEHKDYLRXULQTXHVWLRQ13 
PLJKWEHXVHIXOO\FRQFHSWXDOLVHGDVDQXPEHURILQWHUUHODWHGGHFLVLRQSURFHVVHVQRWDOORIZKLFK14 
DUHQHFHVVDULO\GLUHFWO\DVVRFLDWHGZLWKH[WHUQDOO\REVHUYDEOHEHKDYLRXU7KHUHVXOWVVKRZWKDW15 
PRGHOVEDVHGRQWKLVW\SHRIIUDPHZRUNFDQUHSURGXFHTXDOLWDWLYHSDWWHUQVRIEHKDYLRXUUHSRUWHG16 
LQWKHOLWHUDWXUHIRUWKHWZRDGGUHVVHGVFHQDULRVDQGLWLVGHPRQVWUDWHGKRZFRPSXWHUVLPXODWLRQV17 
EDVHGRQWKHPRGHOVRQFHWKHVHKDYHEHHQSURSHUO\YDOLGDWHGFRXOGDOORZSUHGLFWLRQDQG18 
RSWLPLVDWLRQRI$9LPSDFWVRQWUDIILFIORZDQGWUDIILFVDIHW\ 19 
 20 
 21 
 22 
.H\ZRUGVDXWRPDWHGYHKLFOHVYLUWXDOWHVWLQJKXPDQEHKDYLRUPRGHOV 23 
  24 
0DUNNXOD5RPDQR0DGLJDQ)R[*LOHV0HUDW   
 
 
,1752'8&7,21 1 
,QUHFHQW\HDUVUDSLGWHFKQRORJLFDOSURJUHVVKDVEHHQPDGHRQDXWRPDWHGYHKLFOHV$9VYHKLFOHV2 
FDSDEOHRIWDNLQJRYHULQFUHDVLQJVKDUHVRIWKHGULYLQJWDVNZLWKODUJHKRSHG-IRUEHQHILWVLQWHUPV3 
RILQFUHDVHGPRELOLW\LPSURYHGWUDIILFVDIHW\UHGXFHGHQYLURQPHQWDOIRRWSULQWDQGHFRQRPLF4 
JURZWK$VZLWKDQ\WHFKQRORJ\LWLVLPSRUWDQWWRVXEMHFW$9VWRVXIILFLHQWWHVWLQJDQG5 
YDOLGDWLRQWRHQVXUHVDIHDQGHIIHFWLYHRSHUDWLRQ7KLVLVDGDXQWLQJWDVNKRZHYHUFRQVLGHULQJWKH6 
HVVHQWLDOO\LQILQLWHYDULDWLRQVRISRVVLEOHWUDIILFVLWXDWLRQVWKDWDQ$9QHHGVWRKDQGOH 7 
,WLVLQFUHDVLQJO\DVVXPHGWKDWRQHLPSRUWDQWDSSURDFKLQWKHWRRONLWIRU$9YDOLGDWLRQZLOO8 
EHYLUWXDOWHVWLQJPHWKRGVZKHUHDFRPSXWHUVLPXODWLRQRIDQ$9LQWHJUDWLQJPDWKHPDWLFDO9 
PRGHOVRIYHKLFOHDQGVHQVRUVZLWKWKHDFWXDOVHOI-GULYLQJDOJRULWKPVFDQHQFRXQWHUDULFKYDULHW\10 
RIVLPXODWHGWUDIILFVLWXDWLRQV7KHVHWUDIILFVLWXDWLRQVFDQIRUVRPHSXUSRVHVEHUHSOD\HG11 
IURPODUJHVWDWLFGDWDEDVHVRIDFWXDOUHDO-WUDIILFUHFRUGLQJVEXWLIWKHREMHFWLYHVRIDYLUWXDOWHVW12 
GHSHQGVRQVRPHIRUPRILQWHUDFWLRQEHWZHHQWKH$9DQGVXUURXQGLQJURDGXVHUV²HJE\PHDQV13 
RIH[WHUQDOKXPDQ-PDFKLQHLQWHUIDFHV²RULQWHUDFWLRQEHWZHHQWKH$9DQGLWVRQERDUG14 
RSHUDWRUWKHLQYROYHGKXPDQDJHQWVDOVRQHHGWREHVLPXODWHG 15 
+XPDQURDGXVHUPRGHOVGRH[LVWDQGDUHFXUUHQWO\EHLQJDFWLYHO\GHYHORSHGDQGDSSOLHG16 
WR$9WHVWLQJEXWVRIDUPDLQO\RQWKHUHODWLYHO\FRDUVH-JUDLQHGOHYHORIWUDIILF17 
PLFURVLPXODWLRQZKHUHWKHWUDMHFWRU\RIHDFKURDGXVHUFDUWUXFNSHGHVWULDQHWFLVGLUHFWO\18 
JHQHUDWHGIURPHTXDWLRQVRIPRWLRQWDNLQJLQWRDFFRXQWSRVLWLRQVDQGYHORFLWLHVRIVXUURXQGLQJ19 
URDGXVHUV:KLOHWKLVOHYHORIJUDQXODULW\PLJKWEHDGHTXDWHIRUVRPHSXUSRVHVLWVHHPVOLNHO\20 
WKDWLQPDQ\FDVHVWKHRXWFRPHRILQWHUDFWLRQVEHWZHHQKXPDQVDQG$9VZLOOKLQJHRQILQHU21 
GHWDLOVDQGWLPHG\QDPLFVRIKXPDQSHUFHSWLRQVFHQHLQWHUSUHWDWLRQDQGGHFLVLRQ-PDNLQJ 22 
&DSWXULQJVXFKSKHQRPHQDDFFXUDWHO\LQYLUWXDOVLPXODWLRQLVRIFRXUVHYHU\FKDOOHQJLQJ23 
EXWUHFHQWOLWHUDWXUHVXJJHVWVRPHSRVVLEO\IUXLWIXOGLUHFWLRQV7KHUHLVE\QRZDPSOH24 
QHXURVFLHQWLILFVXSSRUWIRUWKHLGHDWKDWSHUFHSWXDOGHFLVLRQ-PDNLQJLQW\SLFDOODERUDWRU\WDVNVLV25 
XQGHUSLQQHGE\QRLV\QHXUDOHYLGHQFHDFFXPXODWLRQWRDGHFLVLRQWKUHVKROGDWZKLFKWKHRYHUW26 
UHVSRQVHLVLQLWLDWHG,QWHUHVWLQJO\VXFKPRGHOVKDYHDOVREHHQSURYHQXVHIXOIRUH[SODLQLQJ27 
KXPDQGULYHUUHDFWLRQWLPHVLQUHVSRQGLQJWRVWLPXOLLQWUDIILFGLVFUHWHVWLPXOLVXFKDVEUDNHOLJKWV28 
EXWLPSRUWDQWO\DOVRJUDGHGG\QDPLFVWLPXOLOLNHWKHYLVXDOORRPLQJRIDSSURDFKLQJURDG29 
XVHUVRUFROOLVLRQWKUHDWV 30 
+HUHWKLVOLQHRIPRGHOOLQJZLOOEHWDNHQRQHVWHSIXUWKHUDQGDSSOLHGWRWKHPRUHFRPSOH[31 
GHFLVLRQ-PDNLQJVLWXDWLRQVWKDWWHQGWRDULVHLQWKH$9FRQWH[WZKHUHWKHHPSKDVLVRIPRGHOOLQJ32 
QDWXUDOO\VKLIWVDZD\IURPORZ-OHYHOGHFLVLRQVOLNH³PRUHRUOHVVEUDNLQJ"´WRZDUGVDKLJKHU-OHYHO33 
DVVHVVPHQWRIWKHVLWXDWLRQDWKDQGZKDWLVRIWHQUHIHUUHGWRDVVLWXDWLRQDODZDUHQHVV7KH34 
EDVLFPRGHOOLQJLGHDWREHH[SORUHGKHUHLVWKDWVLWXDWLRQDODZDUHQHVVFDQEHPRGHOOHGDVDQXPEHU35 
RILQWHUUHODWHGSHUFHSWXDOGHFLVLRQVDERXWWKHZRUOGZKHUHHDFKGHFLVLRQLVPRGHOOHGDVDQ36 
DFFXPXODWLRQSURFHVVEXWZKHUHWKHVHSURFHVVHVDUHDOVRLQWHUFRQQHFWHGWRLQIOXHQFHHDFKRWKHULQ37 
H[FLWDWRU\RULQKLELWRU\IDVKLRQ7KLVLVUHPLQLVFHQWRIFRQQHFWLRQLVWDQGDFWLYDWLRQG\QDPLFVW\SH38 
PRGHOVRIFRJQLWLRQ+RZHYHUWRRXUNQRZOHGJHWKHSUHVHQWSDSHULVWKHILUVWWLPHVHYHUDO39 
GHFLVLRQ-PDNLQJSURFHVVHVRIDQHYLGHQFHDFFXPXODWRUW\SHKDYHEHHQFRQQHFWHGLQDQHWZRUN40 
DUUDQJHPHQWDVDPHDQVRIPRGHOOLQJFRPSOH[PXOWL-VWDJHGHFLVLRQSURFHVVHV 41 
$IWHUDILUVWVHFWLRQEHORZGHVFULELQJWKHWZR$9-KXPDQLQWHUDFWLRQVFHQDULRVDGGUHVVHG42 
KHUHWKUHHFRQVHFXWLYHVHFWLRQVZLOOSXUVXHWKHWKUHHPDLQREMHFWLYHVRIWKHSDSHUL7RVXJJHVW43 
PRGHOVRIKXPDQGHFLVLRQ-PDNLQJLQWKHWDUJHWHGVFHQDULRVDVH[DPSOHVRIWKHPRGHOLQJDSSURDFK44 
VNHWFKHGDERYHLL7RLOOXVWUDWHWKDWWKHVHPRGHOVFDQTXDOLWDWLYHO\UHSURGXFHQRQ-WULYLDOEHKDYLRU45 
SDWWHUQVUHSRUWHGLQWKHOLWHUDWXUH7KHVHSULRUILQGLQJVWKXVVHUYHDVDILUVWKLJKOHYHOGDWDVHWWR46 
ZKLFKPRGHOSDUDPHWHUVDUHPDQXDOO\ILWWHGLLL7RLOOXVWUDWHKRZPRGHOVDWWKLVOHYHORIGHWDLO47 
0DUNNXOD5RPDQR0DGLJDQ)R[*LOHV0HUDW   
 
 
FDQEHXVHIXOLQYLUWXDOWHVWLQJRI$9V,WLVQRWDQDLPKHUHWRVXJJHVWILQDOPRGHOIRUPXODWLRQVQRU1 
WRSHUIRUPIXOOPRGHOYDOLGDWLRQDQGWXQLQJWKHVHZLOOEHPDWWHUVIRUIXWXUHZRUN 2 
 3 
7$5*(7('$9-+80$1,17(5$&7,216&(1$5,26 4 
Figure 1 shows the two traffic scenarios considered here. The pedestrian interaction scenario in 5 
panel (a) is based on the test track study by Schneemann and Gohl (16). They considered the 6 
question of how an AV should behave at a zebra crossing, by studying the interactive behaviour of 7 
human drivers and pedestrians, as a function of initial car speed ݒ଴ and time to collision (TTC; or 8 
alternatively in this scenario time to arrival) at the moment when the pedestrian was instructed to 9 
step up to the crossing, prompting decelerations from the (uninstructed) drivers. Here, what will be 10 
modelled is the pedestriDQ¶VGHFLVLRQWRFURVVRU\LHOGDVDIXQFWLRQRIFDUPRYHPHQWV, as well as of 11 
more direct indications from the car (from either the driver or the AV, as the case may be) about 12 
having seen the pedestrian, and about its possible intentions to yield.  13 
7KHVDIHW\-FULWLFDOWDNH-RYHUVFHQDULRLQSDQHOELVEDVHGRQWKHVLPXODWRUVWXG\E\*ROG14 
HWDOZKHUHGULYHUVHLWKHUPDQXDOO\GURYHDYHKLFOHRUZHUHGULYHQE\DQ$9DWݒ଴ NPK15 PSKZKHQDOHDGYHKLFOHFKDQJHGODQHWRUHYHDODVWDWLRQDU\YHKLFOHDWD77&RIHLWKHUVRU16 
VLQWKH$9FDVHSURPSWLQJDWDNH-RYHUUHTXHVWWRWKHGULYHU6LPLODUW\SHVRIWDNH-RYHUVFHQDULRV17 
KDYHUHFHQWO\EHHQVXEMHFWWRLQWHQVHUHVHDUFKHIIRUWVHJ:KDWZLOOEHPRGHOOHGKHUHLV18 
WKHKXPDQ¶VGHFLVLRQVDIWHUWKHREVWDFOHDSSHDUVRQZKHUHWRORRNDQGKRZWRPDQRHXYUHWKHFDU 19 
 20 
21 
 22 ),*85(6FKHPDWLFLOOXVWUDWLRQVRIWKHVFHQDULRVFRQVLGHUHGLQWKLVSDSHU7KHPRGHOHG23 
KXPDQLVLQGLFDWHGZLWKDFLUFOH77&LVVKRUWIRUWLPHWRFROOLVLRQD3HGHVWULDQLQWHUDFWLRQ24 
VFHQDULRE6DIHW\-FULWLFDOWDNH-RYHUVFHQDULR 25 
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Model of pedestrian crossing decisions  3 
The basic hypothesis behind the pedestrian model, illustrated in Figure 2, is that the pedestrian 4 
makes the action decision to cross based on either or both of two perceptual decisions: (i) A 5 
perceptual decision that it is possible to pass the road before the car arrives, made by observing the 6 
visual looming quantity ߬ ൌ ߠȀߠሶ ǡ with ߠ WKHSURMHFWHGDQJOHRIWKHFDURQWKHSHGHVWULDQ¶VUHWLQD. ߬ 7 
is a close approximation of TTC if assuming constant speeds (19), and is assumed to be compared 8 
to a threshold ߬௣௔௦௦. (ii) A perceptual decision that the car GULYHURU$9EXWKHUH³FDU´ZLOOEH9 
used for short) intends to yield, but not if the actual car movements clearly suggest that it is still 10 
unsafe to cross (߬ ൏ ߬௣௔௦௦). To make the decision about whether or not the car intends to yield, the 11 
pedestrian is assumed to monitor the quantity ሶ߬ ൌ ߬Ȁݐ, which is ൒ െ ?Ǥ ? if the car stops at or 12 
before the zebra crossing (19), but also explicit communication acts (e.g., headlight flashes). 13 
However, if the pedestrian decides that the car has not seen him/her (e.g., based on driver head 14 
orientation), this is taken as evidence that the car is not intending to yield.  15 
 16 
 17 
 18 
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Positive/excitatory influence 
ŽĨƐƚĂƚĞyŽĨ ? ?ŽŶ ? ?X ? ?  ? ?
Negative/inhibitory influence 
ŽĨƐƚĂƚĞyŽĨ ? ?ŽŶ ? ?X ? ?  ? ?
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 1 ݐ ࡭ሺݐሻ ൌ െ  ?ܶ࡭ሺݐሻ ൅ ࢃ௒ߪ௒൫࡭ሺݐሻ൯ ൅ ࢃǫߪǫ൫࡭ሺݐሻ൯ ൅ ࢃேߪே൫࡭ሺݐሻ൯ ൅ ࡲሺݐሻ ൅ ࣇሺݐሻ (1) 
 2 
where ܶ is a decay time constant, the ࢃy are matrices of connections between decision units, the 3 ߪy are activation functions, ࡲሺݐሻ is a vector of external inputs, and ࣇሺݐሻ is a vector of noise, 4 
accounting for between-trial behavioral variability due to for example variations in brain activity, 5 
modelled here as Gaussian noise with standard deviation ȭ ?ȟ, where ȭ is a parameter and ȟ is 6 
the simulation time step (9). In this first model implementation, to simplify the manual tuning 7 
process, all elements in ࢃy were kept either at zero (no connection) or ±1 (excitatory and 8 
inhibitory connections), rather than being freely tuned. Also for simplicity, the activation functions 9 
were kept piecewise linear: ߪ௒ሺܣሻ ൌ  ? and 1 for ܣ ൑  ? and ܣ ൒  ?, respectively, and linearly 10 
increasing in between, and ߪேሺܣሻ ൌ ߪ௒ሺെܣሻ, such that the two functions respond maximally 11 
when ܣ LQGLFDWHV³\HV´DQG³QR´UHVSHFWLYHO\)XUWKHU ߪǫሺܣሻ ൌ  ? െ ߪ௒ሺܣሻ െ ߪேሺܣሻ, i.e., zero at 12 ܣ ൌ േ ? and linearly increasing from both sides to a maximum of one at ܣ ൌ  ?. The external 13 
inputs to the decision units were:  14 
 15 
x ܨଵሺݐሻ ൌ ݄ଵ൫߬ሺݐሻ൯ ൌ ݇ଵ൫߬ሺݐሻ െ ߬௣௔௦௦൯, corresponding to the perceptual decision about 16 
whether the time margin for crossing is currently above ߬௣௔௦௦ ൌ  ? s.  17 
x ܨଶሺݐሻ ൌ ݄ଶሺ߬ሺݐሻሻ ൅ ݄ଷሺݐሻ, where ݄ଶሺ߬ሺݐሻሻ ൌ ݇ଶ൫ ሶ߬ሺݐሻ െ ሶ߬௦௧௢௣൯, corresponding to the 18 
perceptual decision about whether the car is decelerating to stop before the zebra crossing. Here 19 ሶ߬௦௧௢௣ ൌ െ ?Ǥ ? ? was used, to accumulate positive evidence also in the limit case ሶ߬ ൌ െ ?Ǥ ?. The 20 
input ݄ଷሺݐሻ was set to one to model the case where the car is providing some communicative act 21 
interpreted by the pedestrian as indicating an intention to yield, e.g., flashing the headlights, zero 22 
otherwise. 23 
x ܨଷሺݐሻ ൌ ݄ସሺݐሻ was set to one to model the car or its driver doing something that the 24 
pedestrian takes as evidence of the car seeing the pedestrian, e.g., eye contact or related head pose 25 
in the case of a human driver, or some external HMI in the case of an AV, or minus one if the car is 26 
doing something that the pedestrian takes as evidence of the opposite, e.g., a car driver is looking 27 
somewhere else.  28 
x ܨସሺݐሻ ൌ  ?Ǥ 29 
 30 
0DQXDOWXQLQJLQGLFDWHGVDWLVIDFWRU\PRGHOEHKDYLRUIRUܶ ൌ  ?Ǣ ȭ ൌ  ?Ǥ ?Ǣଵ݇ ൌ31  ?Ǥ ?Ǣ  ଶ݇ ൌ  ? 32 
 33 
Model of driver behavior during safety-critical take-over  34 
7KHPRGHOIRUWKHWDNH-RYHUVFHQDULRLOOXVWUDWHGLQ)LJXUHLVVOLJKWO\PRUHFRPSOH[,W35 
GRHVQRWWHUPLQDWHDWWKHILUVWDFWLRQGHFLVLRQOLNHWKHSHGHVWULDQPRGHOLQVWHDGHDFKQHZDFWLRQ36 
DIIHFWVKRZWKHVFHQDULRFRQWLQXHVSOD\LQJRXWRYHUWLPH)RUUHDVRQVRIVSDFHDOOFRQQHFWLRQV37 
VKRZQLQ)LJXUHZLOOQRWEHGLVFXVVHGLQGLYLGXDOO\KHUHEXWWKHPDLQK\SRWKHVHVEHKLQGWKH38 
PRGHODUHDVIROORZV'ULYHUEUDNLQJLVDVVXPHGWRIXQFWLRQDVSURSRVHGLQDVGLVFUHWH39 
LQFUHDVHVRIEUDNHSHGDOSRVLWLRQDSSOLHGHDFKWLPHDGLVFUHSDQF\EHWZHHQYLVXDOORRPLQJ40 
TXDQWLILHGDV߬ିଵDQGSUHGLFWHGYLVXDOORRPLQJ߬௣ି ଵXSGDWHGDIWHUHDFKQHZEUDNHDGMXVWPHQW41 
DFFXPXODWHVWRWKUHVKROG7KHGHFLVLRQWRFKDQJHODQHFDQFRPHDERXWLQWKHPRGHOLQWZRZD\V42 
DQHDUO\GHWHFWLRQRIFDWFKLQJXSZLWKWKHOHDGYHKLFOHZKLFKGRHVQRWLQLWVHOISURPSWEUDNLQJRU43 
0DUNNXOD5RPDQR0DGLJDQ)R[*LOHV0HUDW   
 
 
DODWHUUHDOLVDWLRQWKDWDWWHPSWHGEUDNLQJLVQRWVROYLQJWKHFRQIOLFWDQGERWKRIWKHVHDUHDOVR1 
PRGXODWHGE\YLVXDOORRPLQJGLUHFWO\+RZHYHUWKHODQHFKDQJLQJGHFLVLRQLVLQDOOFDVHV2 
LQKLELWHG²DVLQPDGHOHVVSUREDEOH²LIWKHGULYHUGRHVQRWNQRZWKDWLWLVVDIHWRFKDQJHODQH3 
*D]HVDPSOLQJLVDVVXPHGGULYHQWRDODUJHH[WHQWE\WKHQHHGWRUHVROYHXQFHUWDLQWLHVLQWKH4 
SHUFHSWXDOGHFLVLRQVDQGWKHFXUUHQWJD]HWDUJHWGHWHUPLQHVZKDWVHQVRU\LQSXWWKHPRGHO5 
UHFHLYHVWKH³VZLWFKHV´LQ)LJXUH,QWKLVILUVWYHUVLRQRIWKHPRGHOWKHUHLVQRGLUHFWDFFRXQWRI6 
WKHSURFHVVRIDFWXDOFRQWUROWDNH-RYHUDVDILUVWDSSUR[LPDWLRQLWZLOOEHLQYHVWLJDWHGWRZKDW7 
H[WHQWWKHHIIHFWVRIWDNLQJRYHUIURPWKH$9FDQEHDFFRXQWHGIRUDVDVLPSOHWLPHGHOD\8 
FRPELQHGZLWKORZHULQLWLDODZDUHQHVVRIWKHDGMDFHQWODQH 9 
 10 
 11 
 12 
),*85(6FKHPDWLFUHSUHVHQWDWLRQRIWKHPRGHOIRUWKHVDIHW\-FULWLFDOWDNH-RYHUVFHQDULR 13 
 14 
$JDLQWKHUHVWRIWKLVVHFWLRQJLYHVPDWKHPDWLFDOPRGHOGHWDLOV-XVWDVLQWKHSHGHVWULDQ15 
PRGHO(TXDWLRQJRYHUQVDFWLYDWLRQVLQWKHQHWZRUN+RZHYHUGHFLVLRQVEHWZHHQFRPSHWLQJ16 
DFWLRQVDERXWZKHUHWRORRNXQLWVDQGRUKRZWRPDQHXYHUXQLWVDQGDUHKHUHPRGHOOHG17 
DV³UDFHV´ERXQGHGGRZQZDUGE\]HURLQVWHDGRIPLQXVRQHDQGHDFKWLPHDQDFWLRQ18 
WKUHVKROGܣ௜ ൌ  ?LVUHDFKHGWKHUDFHLQTXHVWLRQLVUHVWDUWHGE\UHVHWWLQJWKHFRPSHWLQJ19 DFFXPXODWRUVWR]HUR7KHH[FHSWLRQLVWKH³LQFUHDVHEUDNLQJ´DFWLRQZKLFKKDVLWVDFFXPXODWRU20 
UHVHWWRWRUHIOHFWDQLQFUHDVHGEUDNHUHDGLQHVVDIWHUWKHILUVWEUDNHDSSOLFDWLRQ$OVR21 
EHIRUHWKHILUVWEUDNHDSSOLFDWLRQGHFLVLRQXQLWLVLQDFWLYH7KHORRPLQJ-UHODWHGLQSXWVWRWKH22 
QHWZRUNDOOVHWWR]HURLIWKHGULYHU¶VH\HVDUHRIIWKHURDGZHUHGHILQHGDV 23 
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x ܨଵሺݐሻ ൌ ݇ଵ߬ିଵሺݐሻ, modeling the perceptual decision of whether the vehicle ahead is 1 
coming closer. 2 
x ܨଶሺݐሻ ൌ െ݇ଶሺ߬ିଵሺݐሻ െ ߬௣ି ଵሺݐሻሻ, modeling the perceptual decision of whether braking is 3 
solving the conflict. 4 
x ܨ଺ሺݐሻ ൌ ݇ଷሺ߬ିଵሺݐሻ െ ߬௣ି ଵሺݐሻ െ ߬஻ି ଵሻ, modeling the decision to increase braking (12). 5 
x ܨ଻ሺݐሻ ൌ ݇ସሺ߬ିଵሺݐሻ െ ߬ௌି ଵሻ െ ሺ ?ǡ ହ݇ሺ߬ିଵሺݐሻ െ ߬ேௌିଵሻሻ, modeling a positive looming 6 
contribution to the decision to change lane and a negative contribution to the same decision 7 
coming into play once ߬ିଵ ൐ ߬ேௌିଵ, where ߬ேௌିଵ ൐ ߬ௌି ଵ. 8 
7KHUHPDLQLQJLQSXWVZHUHGHILQHGDV 9 
x ܨଷሺݐሻ ൌ ݇଺ and ܨସሺݐሻ ൌ ݇଻, both if the driver is directing gaze towards the adjacent lane 10 
(whether by mirror checks, shoulder checks, etc, is not defined in the model), zero otherwise.  11 
x ܨହሺݐሻ ൌ  ?. 12 
0DQXDOWXQLQJLQGLFDWHGVDWLVIDFWRU\PRGHOEHKDYLRUIRUܶ ൌ  ?Ǣ ȭ ൌ  ?Ǥ ?Ǣଵ݇ ൌ ݇ଶ ൌ13  ? ?Ǣ ݇ଷ ൌ ݇ହ ൌ  ?Ǣ ସ݇ ൌ  ?Ǣ ଺݇ ൌ  ?Ǥ ?Ǣ ଻݇ ൌ  ?Ǥ ?Ǣ ஻߬ି ଵ ൌ ߬ௌି ଵ ൌ  ?Ǥ ?ି ଵǢ ߬ேௌିଵ ൌ  ?Ǥ ?ି ଵ 14 
 15 
02'(/%(+$9,25±5(352'8&,1*),1',1*6)520/,7(5$785( 16 
 17 
Reproducing pedestrian crossing behavior 18 
)LJXUHVKRZVH[DPSOHVLPXODWLRQVZLWKWKHSHGHVWULDQPRGHODOODWݒ଴ ൌNPKPSKDQG19 ZLWK77& VDWWKHPRPHQWZKHQWKHSHGHVWULDQVWHSVXSWRWKH]HEUDFURVVLQJDWZKLFKSRLQW20 
WKHVLPXODWHGFDUDOVRLQLWLDWHVDGHFHOHUDWLRQWRVWRSH[DFWO\DWWKH]HEUDFURVVLQJ3DQHODVKRZV21 
H[DPSOHVLPXODWLRQVERWKZLWKDQGZLWKRXWQRLVHZKHUHDVSDQHOVEDQGFVKRZGLVWULEXWLRQV22 
IRUVLPXODWLRQVZLWKQRLVH 23 
,QSDQHODQRWHLQWKHVLPXODWLRQZLWKRXWQRLVHKRZWKHSHGHVWULDQFRPHVFORVHWRDTXLFN24 
GHFLVLRQWRFURVVZKLOH߬LVDERYHWKHWKUHVKROG߬௣௔௦௦ ൌ  ?VEXWVLQFHWKHPDUJLQ߬ െ ߬௣௔௦௦LV25 
VPDOOWKHHYLGHQFHDFFXPXODWLRQLVVRVORZWKDW߬IDOOVEHORZ߬௣௔௦௦EHIRUHDFRPSOHWHFURVVLQJ26 
GHFLVLRQKDVIRUPHG)URPWKDWSRLQWGHVSLWHSLFNLQJXSVRPHVLJQVRIFDUGHFHOHUDWLRQWKH27 
SHGHVWULDQVWLOOMXGJHVIURP߬WKDWFURVVLQJPLJKWEHULVN\7KXVDVIXUWKHULOOXVWUDWHGE\WKHGHOD\28 
WLPHGLVWULEXWLRQLQSDQHOERQHTXDOLWDWLYHKXPDQEHKDYLRUUHVXOWWKDWWKHPRGHOUHSURGXFHVLV29 
WKHILQGLQJUHSRUWHGLQZKHUHRISHGHVWULDQVZDLWHGXQWLOWKHFDUFDPHWRDFRPSOHWHVWRS30 
EHIRUHFURVVLQJ,QWKHPRGHOVLPXODWLRQVWKHUHPDLQLQJDUHVSUHDGRXWLQWLPHZLWKDZLGH31 
SHDNLQWKHWLPHUHJLRQZKLOH߬LVVWLOODERYH߬௣௔௦௦ZKHUHWKHPRGHOFDQPDNHWKHGHFLVLRQWRFURVV32 
HYHQLILWLVXQVXUHRIWKHFDU¶VLQWHQWLRQV7KLVDOLJQVZHOOZLWKDQRWKHUILQGLQJLQZKHUH33 
RISHGHVWULDQVVWDWHGWKDWWKH\PDGHWKHGHFLVLRQWRFURVVZLWKRXWKDYLQJVHHQWKHFDU¶V34 
GHFHOHUDWLRQ([DFWO\ZKDWDFWLYDWLRQܣRIWKHGHFHOHUDWLRQ-GHWHFWLQJSHUFHSWXDOGHFLVLRQZRXOG35 
\LHOGDSRVLWLYHUHVSRQVHWRVXFKDTXHVWLRQLVQRWGHILQHGLQWKHPRGHOEXWDVDURXJKFRPSDULVRQ36 
RIWKHOLJKWEURZQGRWVLQSDQHOEOLHEHORZܣ ൌ  ?Ǥ ? 37 
7KHVFHQDULRLQ)LJXUHEDVVXPHVWKDWWKHSHGHVWULDQJHWVLQGLFDWLRQVRIEHLQJVHHQE\38 
WKHGULYHUHJH\HFRQWDFWEXWQRH[SOLFLWFRPPXQLFDWLRQDERXW\LHOGLQJLQWHQWLRQVZKHUHDV39 
SDQHOFVKRZVYDULDWLRQVLQWKLVLQWHUDFWLYHEHKDYLRXU,QWKHEHVWFDVHZKHUHWKHSHGHVWULDQJHWV40 
LQGLFDWLRQVERWKRIWKHFDUEHLQJDZDUHRIKLPKHUDQGRIWKHFDU¶VLQWHQWLRQWRVWRSWKHPRGHO41 
SHGHVWULDQDOPRVWQHYHUZDLWVXQWLOWKHFDULVVWDWLRQDU\GRWWHGEODFNOLQHZKHUHDVPRUHWKDQKDOI42 
RIWKHPRGHOSHGHVWULDQVZDLWWKDWORQJLQWKHZRUVWFDVHZKHUHQHLWKHURIWKRVHLQGLFDWLRQVDUH43 
SUHVHQWVROLGJUD\OLQH 44 
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 2 
),*85(([DPSOHVLPXODWLRQVRIWKHSHGHVWULDQPRGHOD9LVXDOORRPLQJLQSXWWRS3 
SDQHODQGUHVXOWLQJPRGHODFWLYDWLRQV7KHEODFNDFWLYDWLRQWUDFHVVKRZDPRGHOVLPXODWLRQ4 
ZLWKRXWQRLVHDQGWKHOLJKWHUFRORUHGDFWLYDWLRQWUDFHVVKRZWKUHHH[DPSOHVLPXODWLRQVZLWK5 
QRLVHE7KHEODFNOLQHVKRZVWKHSUREDELOLW\GLVWULEXWLRQRIGHOD\WLPHVIRUWKHPRGHO6 
SHGHVWULDQ¶VGHFLVLRQWRFURVVWKHURDG7KHOLJKWEURZQGRWVVKRZWKHDFWLYDWLRQRIWKH³WKH7 
FDULVOHWWLQJPHSDVVILUVW´XQLWDWWKHWLPHRIFURVVLQJGHFLVLRQDVDIXQFWLRQRIWKHGHFLVLRQ8 
GHOD\WLPHF'LVWULEXWLRQRIGHOD\WLPHVIRUYDULDWLRQVRIWKHVDPHVFHQDULR 9 
 10 
Reproducing safety-critical take-over behavior 11 
)LJXUHDVKRZVIRXUH[DPSOHWLPHKLVWRULHVJHQHUDWHGE\WKHWDNH-RYHUGULYHUPRGHODOOZLWK12 
77& VDQGLQWHUPHGLDWHܣ ൌ  ?Ǥ ?LQLWLDODZDUHQHVVRIWKHDGMDFHQWODQHEHLQJHPSW\7KHVH13 
VLPXODWLRQVGLIIHURQO\LQWKHLQLWLDOVHHGRIWKHUDQGRPQRLVHLQWKHGHFLVLRQSURFHVVHVEXWLWLV14 
QRWDEOHWKDWWKHPRGHOFDQQHYHUWKHOHVVSURGXFHDUDQJHRITXDOLWDWLYHO\GLIIHUHQWVHTXHQFHVRI15 
EHKDYLRUERWKZLWKDQGZLWKRXWRQHRUPRUHORQJRUVKRUWJODQFHVDZD\IURPWKHURDGDKHDGDQG16 
ERWKZLWKDQGZLWKRXWVRPHGHJUHHRIEUDNLQJEHIRUHDODQHFKDQJHLVLQLWLDWHGWHUPLQDWLQJWKH17 
VLPXODWLRQ 18 
)LJXUHEVKRZVWKHPRGHO-SUHGLFWHGIUHTXHQF\RIGLIIHUHQWDYRLGDQFHPDQHXYHUVDVD19 
IXQFWLRQRI77&DWREVWDFOHDSSHDUDQFHIRUDFDVHZLWKLQWHUPHGLDWHܣ ൌ  ?Ǥ ?LQLWLDODZDUHQHVVRI20 
WKHDGMDFHQWODQHEHLQJHPSW\DVDSRVVLEOHHPXODWLRQRIDW\SLFDOPDQXDOGULYLQJFDVH7KH21 
REWDLQHGPRGHOGLVWULEXWLRQVDQGVSHFLILFDOO\WKHIUHTXHQFLHVPDUNHGE\YHUWLFDOOLQHVLQWKH22 
ILJXUHDOLJQZHOOZLWKWKHSDWWHUQRIGULYHUUHVSRQVHVUHSRUWHGLQIRUWKHPDQXDOGULYLQJ23 
FRQGLWLRQ$OOKXPDQGULYHUVUHVSRQGHGZLWKVWHHULQJLQWKH77& VFRQGLWLRQ24 
ZKHUHDVLQWKH77& VFRQGLWLRQDOVRVRPHFRPELQHGEUDNLQJDQGVWHHULQJZDVREVHUYHG25 
GULYHUV 26 
)LJXUHFVKRZVWKDWZLWKRXWDQ\LQLWLDODZDUHQHVVRIWKHDGMDFHQWODQHܣ ൌ  ?WKH27 
SUREDELOLW\RIEUDNLQJLQFUHDVHV7KLVZDVDOVRUHSRUWHGLQIRUWKH$9FRQGLWLRQ6SHFLILFDOO\28 
WKHPRGHOIUHTXHQFLHVDWWKHLQLWLDO77&VPDUNHGZLWKYHUWLFDOOLQHVVDQGVDOLJQ29 
TXDOLWDWLYHO\ZLWKWKHKXPDQUHVSRQVHVLQIRUWKHH[SHULPHQWDOFRQGLWLRQVZLWKWDNH-RYHU30 
D E 
F 
0DUNNXOD5RPDQR0DGLJDQ)R[*LOHV0HUDW   
 
 
UHTXHVWDWVDQGV77&$QHDU-GLYLVLRQEHWZHHQVWHHULQJRQO\DQGFRPELQHG1 
VWHHULQJEUDNLQJZDVREVHUYHGLQWKHVFRQGLWLRQZKHUHDVLQWKHVFRQGLWLRQFRPELQHG2 
VWHHULQJEUDNLQJURVHWRPRUHFOHDUO\EHLQJWKHPRVWFRPPRQPDQHXYHUIROORZHGE\VWHHULQJ3 
RQO\DQGVRPHREVHUYDWLRQVRISXUHEUDNLQJ,QRWKHUZRUGVRYHUDOOWKHPRGHOVLPXODWLRQV4 
VXJJHVWWKHSRVVLELOLW\WKDWWKHWDNH-RYHUSURFHVVLQWKLVVFHQDULRFDQEHDFFRXQWHGIRUDVD5 
FRPELQDWLRQRIUHGXFHGVLWXDWLRQDODZDUHQHVVDQGDQXUJHQF\-GHSHQGHQWWLPHGHOD\ORQJHUIRUWKH6 
OHVVFULWLFDOVFHQDULR ? െ  ? ൌ  ?FRPSDUHGWR ? െ  ?Ǥ ? ൌ  ?Ǥ ?7KLVDOLJQVZLWKWKH7 
UHSRUWLQWKDWKDQGV-RQ-ZKHHODQGH\HV-RQ-URDGGHOD\WLPHVZHUHORQJHULQWKHOHVVFULWLFDOV8 
WDNH-RYHUVFHQDULR 9 
)LJXUHEDQGFDOVRVKRZVLPXODWHGFUDVKIUHTXHQFLHV7KHPRGHO¶VEUDNLQJDORQHZDV10 
W\SLFDOO\QRWHQRXJKWRDYRLGFROOLVLRQZKHUHDVLQVHHPLQJO\QRFROOLVLRQVRFFXUUHG7KLV11 
PD\LQGLFDWHVRPHSUREOHPZLWKWKHWXQLQJRIWKHEUDNLQJPRGHO,IWKHPRGHODSSOLHGVWHHULQJ12 
DYRLGDQFHDYRLGDQFHZDVFRQVLGHUHGVXFFHVVIXODVORQJDVWKHWLPHPDUJLQEHIRUHFROOLVLRQJLYHQ13 
VSHHGDQGDFFHOHUDWLRQDWWLPHRIVWHHULQJLQLWLDWLRQZDVDERYHV 14 
 15 
  16 
 17 
),*85(([DPSOHVLPXODWLRQVRIWKHKDQG-RYHUPRGHOD7\SLFDOPRGHOEHKDYLRUWLPH18 
KLVWRULHVDOOIRUWKHVDPHLQLWLDOFRQGLWLRQE)UHTXHQF\RIDYRLGDQFHPDQHXYHUV19 
SHUIRUPHGE\WKHPRGHOZKHQUXQLQDZD\VRDVWRHPXODWHPDQXDOGULYLQJLQWHUPHGLDWH20 
LQLWLDODZDUHQHVVRIWKHDGMDFHQWODQHDQGUHVXOWLQJFUDVKIUHTXHQF\DVDIXQFWLRQRI77&21 
DWWKHWLPHRIREVWDFOHDSSHDUDQFH7KHYHUWLFDOOLQHVLQGLFDWHSRLQWVRIFRUUHVSRQGHQFHZLWK22 
GLVFXVVHGLQWKHWH[WF$VSDQHOEEXWHPXODWLQJDWUDQVLWLRQRXWRIDXWRPDWHGGULYLQJ23 
ZLWK]HURLQLWLDODZDUHQHVVRIWKHDGMDFHQWODQH 24 
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02'(/$33/,&$7,216,19,578$/7(67,1*$1'781,1* 1 
7KLVVHFWLRQZLOOJLYHH[DPSOHVRIKRZWKHSURSRVHGPRGHOVFRXOGEHSXWWRDSSOLHGXVHLQYLUWXDO2 
WHVWLQJRI$9V,WVKRXOGEHHPSKDVL]HGWKDWVLQFHWKHPRGHOVKDYH\HWWREHIXOO\YDOLGDWHGDQG3 
SDUDPHWHUL]HGWKHDFWXDOUHVXOWVJLYHQEHORZDUHSUHOLPLQDU\DWEHVWHVSHFLDOO\IRUWKHWUDQVLWLRQ4 
VFHQDULRZKHUHWKHPRGHOLVERWKPRUHFRPSOH[DQGVKRZHGVLJQVRISRVVLEOHOLPLWDWLRQVLQLWV5 
EUDNLQJEHKDYLRU7KHPDLQDLPKHUHLVWRLOOXVWUDWHWKHW\SHRIUHVXOWVWKDWFDQEHREWDLQHG 6 
 7 
Optimizing AV traffic flow at a pedestrian crossing 8 
If an AV intends to yield to a pedestrian, how should it behave so as to help the pedestrian make 9 
the crossing decision as quickly as possible? To answer this question, it was assumed that once the 10 
pedestrian starts walking, the AV adapts acceleration to pass behind the pedestrian, and then 11 
accelerates at 1 m/s2 back up to the initial 50 km/h (31 mph). The time lost in the interaction was 12 
then calculated by comparing the distance travelled before regaining the initial speed, to the 13 
distance that would have been travelled in the same amount of time at constant speed, i.e., as if 14 
there had been no pedestrian. 15 
)LJXUHVKRZVDFURVVDUDQJHRISHGHVWULDQDSSHDUDQFH77&VLWKHPRGHO¶VSUHGLFWHG16 
HIIHFWRQWLPHORVVRIDSSO\LQJPRUHWKDQWKHGHFHOHUDWLRQQHHGHGWRVWRSH[DFWO\DWWKH]HEUD17 
FURVVLQJLHULVLQJDERYHWKHFXUYHGHGJHRIWKHJUD\VKDGHGDUHDLQHDFKSDQHODQGLLWKHHIIHFW18 
RQWLPHORVVRIH[WHUQDO$9-KXPDQFRPPXQLFDWLRQ3DQHODVKRZVD³PLQLPDOFRPPXQLFDWLRQ´19 
FDVHZKHUHWKH$9GRHVQRWJLYHDQ\H[SOLFLWH[WHUQDOVLJQVRIEHLQJDZDUHRIWKHSHGHVWULDQLH20 
QRWKLQJWRUHSODFHH\HFRQWDFWQRUDQ\VLJQVEHVLGHVGHFHOHUDWLRQRILWVLQWHQWLRQVWR\LHOGDQG21 
SDQHOELVDFDVHZKHUHWKH$9GRHVVKRZVXFKH[SOLFLWH[WHUQDOVLJQV 22 
3HUKDSVFRXQWHUWRZKDWRQHPLJKWH[SHFWWKHPRGHOSUHGLFWVWKDWLQFUHDVHGGHFHOHUDWLRQ23 
FDQVDYHFRQVLGHUDEOHWLPH7KLVLVHVSHFLDOO\WUXHIRUWKH$9ZLWKRXWH[WHUQDOFRPPXQLFDWLRQ24 
PHDQVZKHUHIRUVRPH77&VHJ77& VDQH[WUDPVRIGHFHOHUDWLRQFDQFKDQJHD25 
VWLPHORVVWRQHDU]HUR7KHUHDVRQWKLVKDSSHQVLQWKHPRGHOLVWKDWWKHSHGHVWULDQ¶VMXGJPHQWRI26 
ZKHWKHUWKHFDUZLOOVWRSEHIRUHWKHFURVVLQJLHRIZKHWKHU ሶ߬ ൐ െ ?Ǥ ?LVGLIILFXOWZKHQWKH27 
PDUJLQLVQDUURZLHZKHQ ሶ߬ ൎ െ ?Ǥ ?DQGWKHH[DJJHUDWHGGHFHOHUDWLRQPDNHVWKLVSHUFHSWXDO28 
GHFLVLRQPXFKHDVLHUDQGTXLFNHU 29 
7KHPRGHOSUHGLFWVWKDWWLPHVDYLQJVFDQDOVREHDFKLHYHGE\OHWWLQJWKH$9FRPPXQLFDWH30 
LWVVLWXDWLRQDODZDUHQHVVDQGLQWHQWLRQVDVVXPLQJWKDWWKLVFDQEHDFKLHYHGE\VRPHH[WHUQDO+0,31 
WKDWLVXQGHUVWDQGDEOHWRWKHSHGHVWULDQ7KHEHQHILWVRIH[DJJHUDWHGGHFHOHUDWLRQVDUHVWLOO32 
SUHVHQWEXWOHVVSURQRXQFHGH[FHSWIRUWKHORZHVW77&VZKHUHLWVWDUWVEHLQJTXHVWLRQDEOH33 
ZKHWKHUWKH$9VKRXOGDWDOO\LHOGWRDZDLWLQJSHGHVWULDQFRQVLGHULQJWKHFRPIRUWDQGVDIHW\RI34 
$9RFFXSDQWVDQGDQ\IROORZLQJYHKLFOHV 35 
 36 
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),*85(0RGHOHVWLPDWLRQRIWLPHORVWIRUWKH$9LQWKHSHGHVWULDQLQWHUDFWLRQDVD3 
IXQFWLRQRI77&DWWLPHRISHGHVWULDQSUHVHQWDWLRQDQG$9GHFHOHUDWLRQDSSOLHGDWWKHVDPH4 
PRPHQW 5 
 6 
Minimising crash risk in time-critical AV hand-overs  7 
,WKDVEHHQVXJJHVWHGWKDWGHWULPHQWVLQSHUIRUPDQFHGXULQJ$9-KXPDQKDQG-RYHUVDUHWKHUHVXOW8 
RIDORVVRIVLWXDWLRQDODZDUHQHVVZLWKDUHFRPPHQGDWLRQWKDWGHVLJQHUVQHHGWRJLYHGHHS9 
FRQVLGHUDWLRQDVWRKRZEHVWWRIDFLOLWLDWHWKHSURFHVVRIEULQJLQJGULYHUVEDFN³LQWRWKHORRS´10 
GXULQJWUDQVLWLRQVIURPDXWRPDWLRQ([DFWO\KRZWRGRVRLVRIFRXUVHDQRQ-WULYLDOPDWWHUEXW11 
KHUHLWLVH[DPLQHGZKDWEHQHILWLWPLJKWKDYHLQWKHVWXGLHGVFHQDULRLIDVROXWLRQFRXOGEHGHYLVHG12 
HQVXULQJWKDWWKHGULYHUTXLFNO\NQRZVZLWKRXWKDYLQJWRORRNDZD\IURPWKHURDGDKHDGWKDWLWLV13 
SRVVLEOHWRFKDQJHODQHHPXODWHGKHUHE\LQLWLDOL]LQJWKH³LWLVVDIHWRFKDQJHODQHQRZ´GHFLVLRQDW14 
IXOOFHUWDLQW\,WLVDOVRH[DPLQHGKHUHZKHWKHUDQ\VXFKEHQHILWPLJKWLQWHUDFWDFFRUGLQJWRWKH15 
PRGHOZLWKHPHUJHQF\EUDNLQJDSSOLHGE\WKH$9LWVHOI 16 
$VVKRZQLQ)LJXUHWKHPRGHOSUHGLFWVDUDQJHRILQLWLDO77&VEHWZHHQVDQGV17 
UHPHPEHUWKDWIDFWRULQJLQWKHWDNH-RYHUSURFHVVWKLVPLJKWFRUUHVSRQGWRDFRQVLGHUDEO\KLJKHU18 
REVWDFOHDSSHDUDQFH77&ZKHUHEHQHILWVRILQFUHDVHGVLWXDWLRQDODZDUHQHVVPD\H[LVW)RU19 
H[DPSOHHYHQLIWKH$9GHFHOHUDWHVZLWKPVLQD77& VVFHQDULRLPPHGLDWHGULYHU20 
DZDUHQHVVRIWKHIHDVLELOLW\RIVWHHULQJDYRLGDQFHFKDQJHVWKHPRGHO-SUHGLFWHGFUDVKULVNIURP21 
DERXWWRDERXW,QIDFWDFFRUGLQJWRWKHPRGHOWKLVORZFUDVKULVNUHPDLQVQHDUO\22 
XQFKDQJHGHYHQLIWKH$9GRHVQRWDSSO\DQ\HPHUJHQF\EUDNLQJDWDOOZKLFKVHHPVEHQHILFLDO23 
IURPDSHUVSHFWLYHRIPLQLPLVLQJULVNRIEHLQJVWUXFNIURPEHKLQG 24 
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),*85(0RGHOHVWLPDWHGHIIHFWRIGULYHUDZDUHQHVVRISRVVLELOLW\WRFKDQJHODQHDQG$93 
HPHUJHQF\EUDNLQJRQFUDVKULVNLQWKHVWXGLHGWDNH-RYHUVFHQDULR 4 
 5 
',6&866,21$1'&21&/86,216 6 
7KLVSDSHUKDVSUHVHQWHGILUVWGUDIWYHUVLRQVRIQRYHOPRGHOVRIKXPDQGHFLVLRQ-PDNLQJDQG7 
EHKDYLRULQWZRVFHQDULRVUHOHYDQWWRGHYHORSPHQWDQGWHVWLQJRI$9V%RWKPRGHOVVHHPWRRIIHU8 
XVHIXOGHYHORSPHQWVEH\RQGZKDWLVFXUUHQWO\DYDLODEOHLQWKHOLWHUDWXUHIRUWKHVHVFHQDULRV 9 
3HGHVWULDQURDG-FURVVLQJKDVEHHQPRGHOHGKHUHDVDQLQWHUUHODWHGVHWRISHUFHSWXDO10 
GHFLVLRQVDERXWRQFRPLQJYHKLFOHPRYHPHQWDQGLQWHQWLRQV7KHPRGHOKDVLOOXVWUDWHGKRZDFDU11 
WKDWDSSOLHVH[DFWO\WKHULJKWDPRXQWRIGHFHOHUDWLRQIRUVWRSSLQJPLJKWPDNHLWGLIILFXOWIRUD12 
ZDLWLQJSHGHVWULDQWRGHFLGHRQFURVVLQJEHIRUHWKHFDUKDVFRPHWRDFRPSOHWHVWRSWKXV13 
H[SODLQLQJHPSLULFDOREVHUYDWLRQVRIVXFKODWHSHGHVWULDQFURVVLQJGHFLVLRQVLQEXW14 
DQHFGRWDOO\DOVRLQPDQ\SHRSOH¶VHYHU\GD\H[SHULHQFH,QFRQWUDVWH[LVWLQJPLFURVLPXODWLRQ15 
SHGHVWULDQPRGHOVWHQGWRHPSKDVLVHWKHTXHVWLRQRIZKHWKHUDSHGHVWULDQDFFHSWVDFHUWDLQWLPH16 
JDSEHWZHHQSDVVLQJFDUVDQGOHVVRQZKHQWKHSHGHVWULDQDFFHSWVLWDVDIXQFWLRQRIH[DFW17 
PRYHPHQWDQGFRPPXQLFDWLYHDFWVRIDYHKLFOHPDNLQJWKHPRGHOSURSRVHGKHUHDSRWHQWLDOO\18 
XVHIXODGGLWLRQWRWKHWRRONLWIRUYLUWXDOWHVWLQJDQGWXQLQJRI$9EHKDYLRU 19 
:LWKUHJDUGVWRWKHRWKHUVFHQDULRWDUJHWHGKHUHIRFXVLQJRQKXPDQDYRLGDQFH20 
PDQHXYHULQJFORVHWRDSRWHQWLDOUHDU-HQGFUDVKH[LVWLQJGULYHUPRGHOVIRUVXFKVLWXDWLRQV21 
W\SLFDOO\GHFLGHRQEUDNLQJDQGRUVWHHULQJE\GUDZLQJIURPIL[HGVLWXDWLRQ-LQGHSHQGHQW22 
SUREDELOLW\GLVWULEXWLRQVZKHUHDVLWLVZHOONQRZQWKDWKXPDQDYRLGDQFHUHVSRQVHVYDU\23 
VLJQLILFDQWO\ZLWKQRWOHDVWXUJHQF\LQZD\VVLPLODUWRZKDWLVH[KLELWHGE\WKHPRGHO24 
SURSRVHGKHUH7KHSUHVHQWZRUNDOVRSURYLGHVVRPHILUVWVWHSVWRZDUGVPRGHOLQJWKHDFWXDO25 
SURFHVVRIWDNLQJRYHUIURPDQ$9VXJJHVWLQJWKDWDWOHDVWLQWKHSUHVHQWO\VWXGLHGVFHQDULRWKH26 
WDNH-RYHUFRXOGEHWKRXJKWRIDVDQXUJHQF\-GHSHQGHQWWLPHGHOD\FRPELQHGZLWKDORZLQLWLDO27 
VLWXDWLRQDODZDUHQHVV 28 
,QGHHGDVWULNLQJIHDWXUHRIERWKPRGHOVLVWKDWWKH\SURYLGHFRQFUHWHRSHUDWLRQDOL]DWLRQV29 
RIWKHFRQFHSWRIVLWXDWLRQDODZDUHQHVVLQWKHJLYHQVFHQDULRVLQWHUPVRIQHXURELRORJLFDOO\30 
SODXVLEOHPRGHOVRISHUFHSWXDOGHFLVLRQV7KLVPD\EHDXVHIXOFRPSOHPHQWWRH[LVWLQJ31 
FRPSXWDWLRQDOPRGHOVRIVLWXDWLRQDODZDUHQHVVHJ2YHUDOOWKHUHVXOWVSUHVHQWHGKHUHVHHP32 
SURPLVLQJIRUWKHJHQHUDOPRGHOLQJDSSURDFKRILQWHUFRQQHFWLQJVHYHUDOSHUFHSWLRQDQGDFWLRQ33 
GHFLVLRQDFFXPXODWRUV 34 
D E 
0DUNNXOD5RPDQR0DGLJDQ)R[*LOHV0HUDW   
 
 
5HODWHGEXWGLIIHUHQWPRGHOVKDYHEHHQGHYHORSHGIURPFRQQHFWLRQLVWDQGG\QDPLFDO1 
V\VWHPVSHUVSHFWLYHVDVZHOODVLQWKHILHOGRIQDWXUDOLVWLFGHFLVLRQ-PDNLQJ2QH2 
XVHIXOQH[WVWHSZRXOGEHWREHQFKPDUNWKHSUHVHQWPRGHOLQJIUDPHZRUNDJDLQVWWKHVHH[LVWLQJ3 
RQHVDQGLGHDOO\DOVRDJDLQVWPRUHFRQFHSWXDOO\GLIIHUHQWDOWHUQDWLYHVEDVHGRQFRJQLWLYH4 
DUFKLWHFWXUHVVXFKDV$&7-5RUIURPURERWLFV 5 
$QREYLRXVQH[WVWHSZLOOEHWRSURSHUO\WHVWDQGSDUDPHWHUL]HWKHPRGHOVRQGHWDLOHGGDWD6 
VHWVRIKXPDQEHKDYLRULQWKHVWXGLHGVFHQDULRV,IVXFKYDOLGDWLRQWHVWVDUHVXFFHVVIXOWKHVRIDU7 
YHU\SUHOLPLQDU\YLUWXDOWHVWLQJUHVXOWVSUHVHQWHGKHUHVXJJHVWWKDWPRGHOVDWWKLVOHYHORIGHWDLO8 
FDSDEOHRISUHGLFWLQJIXOO$9-KXPDQLQWHUDFWLRQVHTXHQFHVXQIROGLQJLQG\QDPLFWUDIILFVFHQDULRV9 
FRXOGEHRIJUHDWXVHZKHQWHVWLQJYDOLGDWLQJDQGRSWLPLVLQJIXWXUHDXWRPDWHGWUDQVSRUWV\VWHPV 10 
 11 
$&.12:/('*0(17 12 
7KLVZRUNLVSDUWRIWKHLQWHU$&7SURMHFWIXQGHGE\WKH(XURSHDQ8QLRQ¶V+RUL]RQ13 
UHVHDUFK	LQQRYDWLRQSURJUDPPHXQGHUJUDQWDJUHHPHQW,WUHIOHFWVWKHDXWKRUV¶YLHZV14 
DQGWKH(XURSHDQ&RPPLVVLRQLVQRWUHVSRQVLEOHIRUDQ\XVHWKDWPD\EHPDGHRIWKHLQIRUPDWLRQ15 
KHUHLQ 16 
 17 
5()(5(1&(6 18 
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